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Abstract

The effects of particle drift as well as diffusion and convection are
employed to describe the propagation of solar charged particles in the inner
solar system. It is found that protons and electrons gradient drift In
opposite polar directions in the interplanetary magnetic field, and al-
though the charge separation thereby produced is very small, this drift
determines the energy loss of these particles. In addition, it is shown
that electric field drift causes protons and electrons, alike, to co-
rotate but slower than the magnetic field structure. As a result, solar
particles injected onto a given magnetic field line sweep past the earth
later than the field line. The resulting azimuthal intensity profile is
determined by the distribution of sun-earth transit times for these par-
ticles as they diffuse along the magnetic field lines. These considerations
are applied to low energy protons and electrons and predictions for their
energy loss and intensity profiles are made. A comparison of these pre-
dictions with the data from the Imp | satellite indicates that the observed
recurrent protons might be understood in terms of this analysis if the dif-
fusion is sufficiently slow to give 1 Mev protons a 4 day transit time.

The observed electrons, however, cannot have had such a solar origin and

are evidently galactic.



i. lIntroduction

in order to correctly understand the properties of galactic cosmic
rays and particles of solar origin it is necessary to understand the
effects produced on these particles by passing through the Interplanetary
field and solar plasma. This problem has, of course, been extensively
studied for years and has been reviewed in detail by Parker (1963).

During recent years much has been learned about the solar wind and
the interplanetary field, and this has now made possible detailed studies
of the propagation of charged particles through the solar system. In
particular during 1963-1964, the Imp | satellite provided extremely valu-
able data by carrying detectors which simultaneously made measurements on
the interplanetary magnetic field (Wilcox and Ness, 1965), the solar plasma
(Bridgg.et al, IgtHlow energy protons (Fan, et al, 1966) and electrons
(Cline, et al, 1964) and galactic cosmic rays (Balasubrahmanyan, et al, 1965).
The data from Imp | which is of interest to us in the present work is shown
in Figure 1. At that time the interplanetary magnetic field formed four
sectors of alternating polarity whose boundaries are indicated in the
figure by vertical lines. (These lines appear cross hatched when the exact
time of passage of the sector boundary is uncertain due to the satellites
being near perigee.) As one can see, low energy protons, which evidently
do not originate from observabie solar flares (Fan, et al, 1966), were
observed to recur in a particular positive magnetic sector while electrons
of comparable energy seemed to recur predominantly in an adjacent negative
magnetic sector. Also shown in the figure is the counting rate for galactic

cosmic rays above 50 Mev/nucleon and the bulk velocity of the solar wind.




The observed association of recurrent particle beams with magnetic
sectors of fixed polarity lead us to examine the possibility that these
Mev particles are released from the sun preferentially along a magnetic
sector boundary and subsequently undergo a drift from that boundary.
Sections II and III are therefore devoted to the description of particle
drift in the interplanetary magnetic field and its relationship to the
transport of particles between the sun and earth. Drift has ordinarily
been discounted as being small for solar flare particles (Parker, 1963)
(Axford, 1965); however we find that drift is of great significance in
determining the energy loss as well as perhaps, the intensity-time profiles
for events of the kind described above.

In the last section we investigate the possibility that the observed
electron and cosmic ray time variations are simply the result of modula-
tion by a variable solar wind. This has been done by evaluating the linear
correlation coefficient between the daily particle intensity records and
the plasma velocity records, and we find that cosmic rays, in particular,

tend to follow the daily solar wind variatioms.
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I1. Drift in the interplanetary Magnetic Field

We shall refer to a spherical coordinate system (r,8,%) centered at
the sun and at rest with respect to the earth and begin by considering the
motion in the polar direction of charged particles ejected from a particular
location (ro,Go,Go) on the solar surface. Assuming that the interplanetary
magnetic field is reasonably regular in the inner solar system, the motion
of protons and electrons of ~10 Mev may be treated in the guiding center
approximation. The most gemeral drift velocity, to first order in the ratio
of the Larmor radius to the field scale size, is given by Northrop (1963)

- A -
’ B - 4
"x'azx{-d*“';“ V*B'*?‘“»ﬁ‘%‘*%&‘"} (1)

where M is the particle's orbital magnetic moment, ’e‘; is the unit vector
along the magnetic field and y; = EEQQ . Approximating that the flelds

are static, the drift velocity becomes

. B - mcR . Yy
R_L.%é -cE+E—9viM+-e—" R-V(':‘) (2)

4
where the R - ¥ u term, which is small, has been neglected.

The interplanetary magnetic field is assumed to have the underlying
Archimedes spiral pattern (Parker 1963)
2 2

r . r
B.=~B (% , B =0, a,‘.-*-v"f-m-e-ao(-;ﬂ) (3)
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where Bo is the field at the sun, o is the solar radius, Sl is the solar
angular velocity and Vo is the solar wind speed. Remembering that the

solar wind is radial and that € = - "I-; V0 x B, equation 2 becomes

. 8 mcR
N T TGRS EERY
.
+ — (er—,(;*—)w,,,,,)a} (4)

In obtaining equation 4, it has been approximated that B is independent of
¢ over the region of interest and that the phenomena at hand occur near
the ecliptic plane (@ ~ ;—r) The polar drift velocity becomes

. mcR |, R
ho = o5 o8 4r —ear‘(B @ - § ) =5t (5)

v, 2
Now the magnetic moment is given by E'—B, and the guiding center veloclty

(which is approximately v, ) has the components R ‘lB 'Vn (1 + —EL
o

"
. B -1/2
and R¢ - IB i “ (1 + Q—z--) « Then by use of equation 3, one

obtains

2
mV,2+2V,%) car® + '2]' mVz2+2V,2) car®- %;;

=2
° v B r2(1+&)2
o O o °

(6)

F-1)
L}

We are interested in this drift velocity for r £1 AU, corresponding to

Sir éVo, and in this case the second term may be neglected. Also we expect
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that magnetic irregularities in the field maintain a random pitch angle
distribution for the particles, implying that on the average, !LZ = 2V,‘2.

We therefore approximate

’ ~ v car®
R —4
e 2p 2 =1/2 o2 (7
. 2 < e . ? - L 2 *
e Vo Be Re (i + -TE:;—) (i + —TE:;—)

where Be is the magnitude and polarity of the magnetic field at | AU. This
implies that protons and electrons of the same kinetic energy drift in the

polar direction with equal speeds but in the opposite direction. If the

magnetic field is outward (Be>1n equation 7 implies that protons drift
south and electrons drift north, whereas the drift directions are reversed
if the magnetic field is inward toward the sun. Therefore if protons and
electrons are ejected from, say, the northern solar hemisphere, protons
drift toward the ecliptic (and hence the earth) if the magnetic field is
outward and electrons drift toward the ecliptic if the magnetic field is
inward. It must be noted at this point that any drift in the polar direc-

tion by these particles implies a change of energy by an amount

_ﬂ_aR 2 -|/2
= — - -8 2 [
dE-eeerda_evo Bprde = - 107 e B R (l+—v;z— de  (8)

where Be is in gauss, Re incm, and 0 in sec "} . Defining Eﬂo as the

) ’ ’
particle energy when at 60, E(e)= €°-c6; where 8 = O - 90
2Re2 112
and ¢ = lO'ee.ﬂ.BeRe2 (1 + V2 ) . From equation 7 the angular drift
[
velocity then becomes
’ 2 o =2
‘R 2caor(€E -ce) (1 +‘QT'2"-)
4o e ° o
dt ~© = 2 g2 -i/2
T ev BRZ (1 + B
0O ee Vo

and
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-2
2.2
, 2 car(f, - col) (1 +E4)
’ Po) v
do’ deo’, - o 9)
dr © dt dr " vp(r, 8% . .ﬂ.aRez -1/2
dt eV, BRZ (1 + -ng-)

where VD(r,e') is the mean speed with which the particles move outward at

/
r and®. Furthermore it follows from equations 6 and 8 that

2.2

o Re le(rebpac+ oo S
r

dt --cr - 2 2 e (98)
s Q.
eV B r2 (1 *_v':;)

This energy loss function has the limits,

d_i 2(8_‘."' 2Eu)ﬁ—2f
Ty v for Slr << Vs and

d_&ﬂ_(&ﬁafﬂ) Vo

dt - for SLr >> Vo.

and tells us that particles near the sun lose energy more slowly than has
previously been thought (Parker, 1965).
We now consider the drift of particles in the azimuthal direction.

From equation &,

. B. BpV
Ry === Bf 2 - %éra (10)
1+
o

implying that electric drift causes the particles to corotate with the field
structure near the sun, but slower than the field structure with increasing

r. Relative to the field structure, the azimuthal drift velocity becomes




» Jlr 3.8
R Lrm - n_r + ‘—!?g -
? 1+ 'Dv‘r v +E\I )
and therefore

] 46’ 1 R’ Do
dt VD r v v 2 (l + g)
D o Vo

’
where ¢ Is an azimuthal angle relative to the field structure and 'I° is

again the radial diffusion velocity. This function Is considered in the

following section.

(m)

(12)
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I1l. Bulk Motion in the Interplanetary Field

A unified description of the simultaneous drift, convection and diffu~
sion of particles propagating through the interplanetary medium can be ob-
tained by constructing a Fokker-Planck transport equation for the problem.
Letting N(F,f;,t) represent the number of particles/volume with energy f;
at the time t, and letting I represent the particle current density, the

Fokker-Planck equation is

IN P ;
3¢t V'J+—a'§(N8)-0.

-
Diffusion, convection and drift all contribute to j so that

» T +" +7
J= diffusion Jconvec.uon Jdrift

Since the scale of the interplanetary field structure seems to be large
compared with the Larmor radii we consider here, the particle motion is

well approximated as a guiding along the force lines. But small scale

irregularities in the magnetic field can be expected to produce non-adiabatic

changes in the pitch angle (Roelof, 1966) and thus a particle tends to find
itself with a mirroring pitch angle after some characteristic distance A
(the mean free path). This gives rise to a random walk along the lines

of force and leads to the usual diffusion current,




Jaifusion ™~ K Vp N (13a)

The radial expansion of the solar wind convects the magnetic irregularities
radially outward, but since the impulse given to the particles by the ir-
regularities during the mirroring is along the line of force, the result~-
ing particle convection velocity is the component of the solar wind velocity

along the field direction, or

: a2 -2,
Jconvection = N Vo(l + voz ) b (13b)

where b is a unit vector along the local field direction. Finally there
is a macroscopic current due to the particle drift normal to the field
direction. Since we are here interested in the mean drift velocity of
all particles, rather than guiding centers, in a unit volume, we must use

the current density

-

> = B > 9p B = 2€
Jarige = Wypipe = N g x (- E+ =50 = NGz x (- E+ 355 PN) (13¢)

rather than equation 1, (see Spitzer (1962)). As before, E = - v, x 8.

The Fokker-Planck equation then becomes

' -1/2 o .
-g_:‘.+ v -Kvbu+uv°(|+‘g—\i;) %-a-uvd”ft +-5%(n£)-o (14)
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where ;;rift and f; are given in equations 9a and 13c. It seems worth
pointing out that equation 13b and 13¢ imply that in the absence of dif=-
fusion, particles stream radially outward from the sun at large r, but

that this is due to electric field drift and not convection.

Rather than attempting to solve equation 14, we shall adopt an approxi-
mate treatment of the combined diffusion and drift which essentially amounts
to first solving the diffusion problem without drift and then calculating
the drift of the particles as though they were propagating outward at

their diffusion velocities. Near the sun (fLr <<V°) we have that

~
j =NVob,|V

conv | << v, and € is small. Furthermore, approximating

drift
that the diffusion is along the r direction and ignoring the divergence

of space with increasing r, equation 14 lead simply to

—g—:+vog—'r1-x-£-;auao (1ka)

Following Parker (1965) the solution of equation lka corresponding to the

boundary conditions that

N(o,t, &) =0 and N(r, 0,8) = n(E)J(l"A)

is
(vt +r)2
N(r,t, ) = an_)l’/e ] -~ exp (- i%;’-\-) exp [- —%r— (15)

By differentiation with respect to time it follows that (for r A\ 4< Kt) tos
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the time at which most particles with K arrive at r, is

1/2
-3K+ (g<2+vofr2)

tlll = v 2 (]53)
o
and therefore a diffusion velocity may be defined as
1/2
T S 2
V;' dt (-9?+vo) (15b)
for these particles. Particles arriving at r In the time t have diffused
t
more rapidly by the factor, ‘;m, and may therefore be characterized by an
average diffusion velocity,
m) ¢
Y= (t ) Y (16)

We have therefore replaced the statistical diffusion of the particles by
a steady outward propagation at the diffusion velocity in this approxima-
tion. It is now possible to estimate the drift of the diffusing particles,

and according to equation 12, the azimuthal drift becomes

Ke
’
{ 8 2 y.v)
A | — e = Gy (1
¢ tﬂ v°2 (l +£v;=_) (9?_._ voa) 2 tm
b

Consequently the above change of independent variable fromt to @ in

/
equation 15 gives the azimuthal intensity distribution, N(R , ¢ ,8), to
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iV. Quantitative Results

We shall now use the relationships obtained above to calculate the
amount of particle drift, deceleration and the form of the azimuthal particle
intensity distribution. The drift of particles in the polar direction is

given by equation 9, where the drift velocity may be written as

Roe—Ralfal . L (18)
v e R2 (1 +EE) (1 +8elz)

o o
8 is inev, B, is in gauss, R is In cm, and 2 Is in sec =2 , Expand-

ing the diffusion velocity, equation 15h,in the power series

3 IAAN
o) [l+2(5x)]forﬁ()Vana
D (19)
v, for 3K <K V R,
equation 9 becomes
i2 x 10° _;_‘R' far o = - for 3K7V_R_
go VRSO =) e+ e+ ®)
[+ [+]
dr (20)

2 x 10® (o - <o}
RZ -1/2 ¢ F—%_zg)a_ for 3K<V R
o

N
vozneae“’ ( + -Tos—)

where equation 8 has been used. Ignoring the dependence of K on @', equation

20 integrates to



]
o
]

¢ g, - co (21)
-~ v 2 N
18k2
2 (‘QE + =z
PRV A S " S M/ UL SR 11 N
2Ux10 OK {n. v ) TV E YoV tan v v ten
o 2(-£L— + R 2) o/ S o o {;EK
ﬂ-d
5) exp ,{LzR 2 =1/2 v 2 o2 2
B, R2AS (1+—%) (22 - 1K)
~ L e e o Q2 R N

39 €, for 3KV R,

The diffusion coefficient may be expressed as
10%° X for relativistic electrons

A3 x 106>\E°]/2 for non-relativistic protons

and choosing ) =2 x 101t em, Vo = 300 km/sec, the final energy 6}(5;) and
the drift, G'(E;) may be evaluated. These functions are shown in Figure 2.
The flat relative energy loss for the electrons and low energy protons is

a reflection of the fact that these particles have transit times which are
energy independent, and the protons, having longer transit times, lose a
larger fraction of their energy. The actual amount of drift is seen to be
small for all particles in the energy range of interest. Therefore although
this drift could in principle produce a ''charge separation'' of protons and
electrons, the angular separation is very small under the prevafling con-

ditions.
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We next evaluate the azimuthal drift of the particles. According to
equations 12 and 19, the location of the particles relative to the field

structure is found from

3
aAg: ooy S Pfdr , for 3K> VR (22)
n vo 32 Y_g_ 182 oe
O +57) g =12
P8 ] o

Integrating, one obtains (23)
v2 2R 2 2 V2R 2
$r KA J—;izlnn+-ﬂ——v—°§-)-%§§—1n(n+—$ﬁs—)

= V2
2 18K2
VO (% - voz )

which has the value
¢ s .34 radians for protons
= .02 radians for electrons

at Eo = 1 Mev. That is, if 1 Mev protons and electrons are ejected from
the sun onto a given line of force, one should expect that the protons will
have drifted some 20° to the east of the line of force by the time they reach
1 AU whereas the electron will stay essentially tied to the line of force.
The form of the azimuthal particle intensity distribution follows from

equations 15 and 17. Letting N(P',K) represent the intensity of particles
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with diffusion coefficient K arriving at the azimuth @', we have

t (K t.(K)
Nigr k) = N(x,K) dq)"’ (l" ) Mg ) (2k)

which is evaluated for 1 Mev and 30 Mev protons in Figure 3, with n(€) = £ - k.
The peak of the distribution for 1 Mev protons is understandably at a larger
angle than for the 30 Mev protons since they drift azimuthally during a

longer transit time. (It should be recalled at this point that, contrary

to the polar drift velocity, the azimuthal drift velocity, equation 11,

does not depend upon particle energy. The increased drift for the 1 Mev

protons is thus a reflection of the longer transit time only.)
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V. Azimuthal Variation of Energy Spectrum

We now restrict ourselves to protons and examine the effects of pro-
pagation on the energy spectrum. The variation of the energy spectrum with
azimuth can be studied by obtaining the time variation of the spectral slope

at some fixed energy. Referring to equations 152 and 23, we find that

t \K
.( )

) alk)

times and energies for which Kt >> Rak, equation 2k becomes

is very nearly energy independent. Thus, confining ourselves to

- (vt +R )2
M 4075 '105 Q e 1
n (’ ,t,6) -<£ t exp { 358 x 10178112] ¢.

ar t
where K = .87 x 10 E 1/2 and t = (-m7)¢' o Transforming to logarithms
m

we obtain

/) 0l (¢ + 105)2
ma%%llﬁg?}-‘h.?5+%:§é}-x—-ﬁ)§?;§ﬁ—-)— (25)

This time variation is displayed in Figure 4 at three energies. (in Figure 4
and elsewhere we use three variables which must be distinguished: t is a
transit time for particles passing between the sun and R, = 1 AU, $' is an
azimuthal angle measured from the magnetic sector boundary along which the
particles are injected, and 4" = gln_ f' is the time elapsed since the sector
boundary swept past the earth.) In Figure 5, curve a, the energy spectrum
at T = 3 days is plotted as an example of a propagation-modulated spectrum.

The following conclusions may be drawn from these curves.
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(1) Only differences in slope at different energies or times are of signi-
ficance since the spectral index of the injection spectrum appears addi-
tively in equation 25. (2) The spectrum has the characteristic behavior
of falling rapidly to a maximum steepness after approximately 2 days and
then flattening very gradually with increasing time. This time dependence
reflects the fact that high energy particles, having the shortest transit
times, are found closest to the sector boundary (1~ 0) while lower energy
particles predominate more and more at greater distances from the sector
boundary. At the solar wind transit time of 5.7 days (1~ 2 days) the
maximum intensity of low energy particles arrives (with the solar wind)

and the energy spectrum is therefore steepest. For larger values of T,
the plasma carrying the low energy particles is beyond I AU and one is
observing particles which have diffused inward, in the rest frame of the
plasma. Therefore as ‘" increases one detects particles which have retro-
gressed progressively farther and farther from the plasma and these are

the higher energy particles. The energy spectrum therefore flattens again.
(3) The time variation described above becomes less pronounced at higher
energies because ;%? (= 3245%5), how rapidly the transit time varies with
energy, decreases with inchasing energy. Therefore at high energies, where
all particles have nearer the same transit times, the particles tend to main-
tain their initial energy spectrum as they propagate outward.

In this discussion, as in equation 24, the variation of the spectrum
due to deceleration has been ignored. Without solving for the energy spec~
trum resulting from the coupled diffusion and energy loss in the present
_calculation, we simply indicate the effect of deceleration alone on the

spectrum. |f we suppose that the energy spectrum at the sun is n(i’) - Eo-"
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and all particles arrive simultaneously at | AU with energles £ = g(ﬁ,)l

given by equation 21 then thelr energy spectrum becomes

m (&) = o) o=
%

This spectrum is plotted in Figure 5, curve b, and it may be seen that
the deceleration is sufficien.iy small so that the spectrum is modulated
very little. We conclude therefore that the energy spectrum obsefved at
the earth should rather resemble the energy spectrum at injection except

at early times (fw0) and very low energies (€ 21 Mev).
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VI. Application to imp | Data

We now turn to the data obtained from the Imp | satellite collected in
Figure 1. The integral intensity profile for Mev protons is shown at the
bottom and these recurrent shapes are to be compared with the predicted
profile, Figure 3. The general features of a steeper ascent than descent
and a peak intensity about two days after the boundary seem to be reflected
in the data. Furthermore, Fan et al, (1966) report that the energy spectrum
is slightly flatter (E™%) during the first days of the sector than in the
last days (E"®), and this is consistent with the predicted slope variation,
Figure 4. Therefore it seems that if the sun released protons only along
the sector boundary observed on 4 December and was inactive elsewhere, then
the subsequent diffusion and drift of these particles would give rise to
intensity profiles and energy spectra similar to those observed.

The observed intensity profile for Mev electrons indicates that maxima
occur three days or more beyond the 12 December sector boundary. However,
our analysis predicts that solar electrons released from the sun along
that sector boundary should be observed predominantly at the boundary, and
therefore we conclude that the observed electrons have not had such an
origin.

Let us now consider the alternative idea (Brunstein, 1965) that the
electrons are galactic. In Figure 1 the variation of the solar wind velo-
city across the field sectors is displayed. Let us assume that this vari-
ation persists for a distance &R beyond the earth. Then if the inward dif-
fusion of cosmic rays Is largely confined to the spiral field direction so

that the cosmic ray density along a given line of force depends only upon




the local wind velocity, the modulation, given by Parker (1965), is

- -3V 1 (2Ry2
ng = 0 exp ﬁc)\(l+3( v)) (26)
where ne is the flux at the earth, n is the flux beyond &R and V is the
variable wind speed. Choosing the values A =2 x 101 em, &R = | AU,

Bc= c and AR = 400 km/sec, one finds that the percent change in the

galactic intensity corresponding to a wind velocity changadV should be

dnE
E‘z-}x 107% dv (27)
However the observed percentage changes indicated in Figure 1 (a30%)
are much larger than one would expect from equation 27, which predicts that
a solar wind variation of 100 km/sec should produce only a 3% change in the
electron intensity. In order to quantitatively examine the extent to which
the daily variations obey equation 26, we have studied the daily correlation
between the electron intensity and the plasma velocity. In Figure 6 the
correlation coefficient for various detectors is plotted as a function of
delay time between the particle intensity and plasma velocity records, and
it may be seen that the electron intensity shows no significant correlation
with the plasma velocity for any value of the delay. This suggests that the
modulation described by equation 26 cannot alone describe the propagation of
the observed electrons.

If equation 26 is applied to 50 Mev protons, having B = 3, one

obtains
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dhE -8
o ~ =10 7 dV (28)
E

assuming the same parameter values as for equation 27. Thus a solar wind
variation of 100 km/sec is predicted to produce a 10% variation in the
cosmic ray intensity, and the data does indeed indicate such variations.
The daily correlation between the cosmic ray intensity and the plasma
velocity is indicated in Figure 6 for each of four Imp | detectors (des-
cribed by Balasubrahmanyan et al, 1965) and the Deep River neutron monitor.
In each case the data reveals a statistically significant correlation which
is strongest when the cosmic ray data is compared with the plasma data of
the previous day. However there is weaker, yet statistically significant,
correlation for time delays ranging from ~ +1 to -5 days between the
cosmic ray and plasma velocity records. Without attempting to provide a
detailed interpretation of these time delays in this paper, we only comment
that negative delays are to be expected since the electric field drift
(section Il1) causes the particles to lag slightly behind the field lines
about which they are guiding. Such a field line, characterized by a certain
plasma velocity, therefore crosses the earth before the cosmic rays asso-
ciated with that field line, in agreement with the negative delay in Figure
6. The only point we wish to make at this time, however,.is that the cosmic
rays follow the transient behavior of the plasma velocity while the electrons
do not. Since neither the model based on solar origin described earlier,
nor the modulation model, equation 26, explain these electrons, it would
seem that perhaps processes are operating on electrons which have little

effect on the heavier cosmic rays.
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Summary

The interplanetary electromagnetic field, in a reference frame at rest
with respect to the earth, has been represented by an Archimedes spiral
magnetic field and the electric field induced by the solar wind. It is
found that charged particles ejected from the sun drift in these fields
in such a way that they tend to co-rotate with the magnetic field while
being decelerated by the electric fieid. At the same time the particles
diffuse along the magnetic field lines and arrive at 1 AU with a dispersion
in transit times which in turn implies a dispersion in the drift. Making
the simplifying approximation that the diffusion is one dimensional with
a constant mean free path equal to ~.01 AU, proton intensity profiles
and energy spectra have been calculated, and it is found that these pre-
dictions are in reasonable agreement with the recurrent proton data from
the Imp | satellite. Also, the cosmic ray data from lmp | was found to
correiate well with the daily variations in the solar wind velocity. This
implies that a 'stream' of low energy cosmic rays is essentially always
in the presence of one and the same plasma velocity and hence, one and the

same bundle of field lines.
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Figure Captions

Figure 1. Imp | data, November, 1963-January, 1964. The vertical lines
indicate magnetic sector boundaries and the crosshatching represents the
interval of uncertainty in these boundaries. The first sector was charac-
terized by an outward directed field and the succeeding sectors alternate

in polarity.

Figure 2. Energy loss and polar drift of solar charged particles. This
energy loss is caused by the gradient drift of particles against the in-

duced electric field of the solar wind.

Figure 3. Predicted intensity-time profiles for solar protons. The in-
tensity is plotted against time measured from sector boundary passage.

The corresponding angular position is also indicated.

Figure 4. Predicted time variation of the spectral index for solar protons.
The spectral index at each energy is plotted against time (and angular

position) as in Figure 3.

Figure 5. Representative differential energy spectrum for solar protons.
Curve a represents the energy spectrum at ¥ = 3 days resulting from pro-
pagation without energy loss for an injection spectrum Eo". Curve b
represents the energy spectrum resulting from energy loss only, for the

injection spectrum, Eo".




Figure 6. The time correlation between observed particle intensity and
solar wind velocity. The linear correlation coefficient is plotted against
delay time between particle intensity and plasma velocity records. Posi-
tive delay indicates that the particle intensity was correlated with the

plasma velocity measured at an earlier time. T, Ty, € (plastic scin-

t
-y

llator) and omnidirectiona!l intensity and electrons (3-32 Mev) represent

measurements made with the Imp | satellite.
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